The temperatures of flowers of Ipomoea pes-caprae ssp. brasilensis , Ipomoea aquatica and Merremia borneensis in bright sunshine, were studied to determine the role of corollas and sepals in cooling the gynoecium. The corollas and sepals were prevented from transpiring by greasing, to investigate the extent of evaporative cooling. In the exposed natural habitats of these flowers the maximum temperatures of air and soil were high (32 and 42 °°°° C, respectively) and corolla, sepal and gynoecium temperatures were often intermediate. Despite being almost astomatous, significant evaporative cooling was observed in the corolla. Between 20 and 80% of the energy absorbed by the corollas was dissipated as evaporation. The sepals were stomatous and their evaporative cooling was very important in reducing the temperature of the gynoecium. The temperatures of the non-transpiring gynoecia and corollas were significantly higher than the temperatures of the normally transpiring corollas and gynoecia. Furthermore, the gynoecia temperatures were significantly higher with nontranspiring corollas than with normally transpiring corollas, suggesting that the corollas alone play a role in maintaining the gynoecium within optimal temperatures levels. It was shown in an incubation experiment that temperatures exceeding 32 °°°° C may damage the carpels, and temperatures exceeding 42 °°°° C may damage sepals. Pollen grains were killed after 200 min of exposure to temperatures in the range 32 to 47 °°°° C. It is concluded that the cooling mechanisms (evaporation and self-shading) are critical for the reproductive success of these flowers in their natural environment.
INTRODUCTION
In attracting insects, flowers are necessarily exposed to full solar radiation. In a cold climate this exposure is advantageous, as the floral parts are warmed several degrees above air temperature. In such cases, the high temperatures may serve as a reward for pollinating insects (Hocking & Sharplin 1965; Smith & Meeuse 1966; Hocking 1968; Kudo 1995; Cooley 1995) and may enhance the rate of floral development (Kevan 1975; Kjellberg, Karlsson, & Kerstensson 1982; Kudo 1995; Totland 1996) . Such flowers seem to be structurally adapted to maximize the warming effect. For example some possess the appropriate shape to capture solar radiation, with the corolla acting as a parabolic antenna (Kevan 1975; Knutson 1981) . Other flowers track the sun (Hocking 1968; Kjellberg et al . 1982; Kudo 1995; Totland 1996; Krannitz 1996) , or grow in a convenient position on the plant (Lu, Rieger, & Duemmel 1992) , whereas still others possess pubescent floral structures to minimize convective heat loss (Miller 1986) or have suitable colours that help them to increase the gynoecium temperature (Molgaard 1989) .
Work on floral temperature has usually focused on flowers in alpine, subarctic and temperate climates where an increase of floral temperature has a positive effect on the development of the flower (Kevan 1975; Stanton & Galen 1989; Kudo 1995; Krannitz 1996; Totland 1999) . However, in hot climates this exposure to solar radiation, and the elevated temperatures of the floral parts, may be damaging. Studies on several species of cultivated plants, including pea (Guilioni, Wery, & Tardieu 1997) , tomato (Levy, Rabinowitch, & Kedar 1978) , beans (Monterroso & Wien 1990; Konsens, Ofir, & Kigel 1991) , cowpea (Ahmed, Hall, & DeMason 1992; Ahmed & Hall 1993) , and cotton (Reddy, Hodges, & Reddy 1992) , showed that a short period of heat stress causes a significant increase in abortion frequency of floral buds and flowers. High temperature has been also shown to affect floral development and fruit set (Beppu et al . 1997) , delaying flowering and producing abnormal flowers (Cockshull & Kofranek 1994) . It has been suggested that high temperature and humidity within the floral chamber may have a negative effect on pea growth (Nonnecke, Adedipe, & Omrod 1971) and could also affect pollinators in naturally growing flowers (Martinez del Rio & Burquez 1986) .
It is not clear whether flowers in the tropics or other hot environments present adaptations to prevent overheating. They may for instance control temperature by evaporative cooling, at the expense of using water. This may be especially true for plants with flowers close to the ground, such as in forest clearings, where mid-day temperatures can exceed 40 ° C (Jacobs 1988 ). In such conditions, transpirational cooling and other mechanisms may be crucial to sur-vival, just as it is for leaves. For example extensive work on leaves has shown that wind in combination with transpiration reduces leaf temperature (Cho & Kwack 1996) . Variation in size and shape (Parkhurst & Loucks 1972; Taylor 1975) , high reflectance (Levitt 1980; Ehleringer 1981) , wilting (Chiariello, Field, & Mooney 1987) , changes in inclination, orientation (Comstock & Mahall 1985; Forseth & Teramura 1986) , leaf rolling, and leaf movements (Bao & Nilsen 1988; Donahue & Berg 1990 ) and other factors (Wainwright 1977; Mooney & Ehleringer 1978; Ehleringer & Forseth 1980; Ludlow & Björkman 1984; Werk & Ehleringer 1984; Herbert & Larsen 1985 , Prichard & Forseth 1988 , are all mechanisms that may be involved in maintaining leaves close to their physiologically optimal temperatures and thereby avoiding high insolation which may cause overheating or damage to photosynthesis. Studies on cacti suggest that reflection of solar irradiation due to surface projections (Hadley 1972) , orientation of the cladophylls (Golden et al . 1997) , morphological parameters such as stem diameter, pubescence, spines and shading by ribs, as well as stomatal opening patterns that reduce stem temperature (Lewis & Nobel 1977) are all important in determining the energy balance and temperature of the plant.
In this paper we present the first study of the floral temperature and energy balance of ground-dwelling flowers in a tropical environment.
MATERIALS AND METHODS

Plant material
Experiments were made on three species belonging to the family Convolvulaceae Juss. Members of the Convolvulaceae are mostly twining herbs or shrubs, comprising about 85 genera and 2800 species. The flowers are radially symmetric and nearly always bisexual. They resemble a funnel and are heliotropic (Fig. 1) . The flowers are short lived, lasting less than one day. The corollas open in the morning (hence the common name, morning glory), wilt around noon and fall early in the afternoon. Then the sepals close, assuming the shape of the developing bud (Van Steenis 1953) .
Three species are common in Brunei Darussalam, Borneo: Merremia borneensis Merr. (Fig. 1b) , Ipomoea pescaprae (L.) Sweet ssp. brasilensis (L.) Oostr. (Fig. 1c) , and Ipomoea aquatica Forsk (Fig. 1d) .
Study site
Flowers of I. pes-caprae were studied in natural conditions in an open sandy area located at the Universiti Brunei Darussalam campus (4 ° 58·6 ′ N, 114 ° 53·8 ′ E, elevation 2 m), and on different beaches along the west coast of Borneo including Pantai Meragang, Pantai Berakas, Pantai Sungai Liang, Brunei and Pantai Siar, Lundu, Sarawak, Malaysia (1 ° 40 ′ N, 109 ° 52 ′ E). Several plants of I. aquatica were collected from a drain along Jalan Bebatik Kilanas, Bandar Seri Begawan, and planted in a flooded area at the University campus. Other flowers were studied in situ in an open area in the Tuton district of Brunei. Flowers of M. borneensis were studied in two open areas in the University campus and several locations in the Tuton district of Brunei.
Flower temperature and microclimate
Flower temperature and microclimate were recorded on flowers growing naturally in the field during April, November and December 1997, August, September and December 1998 and January 1999. Microclimatic variables were measured to enable solution of the energy balance equation. Temperatures were measured using copper-constantan thermocouples (0·5 mm in diameter) inserted in the centre of the gynoecium ( T gy ) and in the corolla ( T co ) of each flower. The thermocouples were inserted in the corollas, and fixed to the lower surface, being held there by a trace of glue from adhesive tape (Sellotape ® ). After the corollas were excised the thermocouples were re-located to measure temperature of the surface of the sepals ( T se ). Soil temperature ( T so ) was also recorded with an additional thermocouple covered with a thin layer of soil (1 mm). Air temperature ( T a ), and wet-bulb temperature were measured with thermocouples shaded in a custom-built, forcedair hygrometer placed at 10-30 cm above the ground. Relative humidity and water vapour pressure were calculated from these temperatures. Wind velocity, u , at the level of the flower surface, 10-15 cm from the ground, was measured with an air velocity transducer (Model 8475-150; TSI Inc., St. Paul, MN, USA). Wind velocity at 50 cm above the ground was measured with a cup anemometer (Model MG2; Vector Instruments, Rhyll, UK). Net radiation, R n , was measured with a Funk-type net radiometer (Q*7; Campbell Scientific Ltd, Leicestershire, UK) placed 30 cm above the ground near the flowers. Photosynthetically active photon flux density (PPFD) was recorded with a quantum sensor (SKP215; Skye Instruments Ltd. Llandrindod Wells, Powys, Wales, UK). The flowers selected for the experiments were all completely exposed to the sunlight, not obscured by other plant parts. Experiments were carried out on fine days. When clouds were present, readings with PPFD less than 900 µ mol m − 2 s − 1 were not included in the data analysis. Variables were measured every 6 s and recorded as means of 10 readings once per minute on a data logger (Model 21X; Campbell Scientific, Ltd). They were subsequently plotted as average 10 min values.
In each experimental run, lasting 6-10 h, the temperature of the gynoecium, corolla and sepals of four to ten flowers were recorded on a data logger. To assess the cooling effect of transpiration of sepals and corollas, the sepals and the corollas of some flowers were covered with silicone high vacuum grease (Dow Corning Corp., Midland, MI, USA) to prevent transpiration, while some flowers were used as freely transpiring controls. This experiment was done several times for the three species. The corollas of I. pes-caprae were not completely covered with grease because they were extremely fragile (about 1/3 of the corolla was covered). Note that the gynoecium is enclosed within the sepals, so the effect of transpiring and non-transpiring sepals will be noticed in the gynoecium temperature. To assess the cooling effect of the corollas on the gynoecium, only the corollas of some flowers were covered with silicone grease and matched flowers were used as freely transpiring controls. This experiment was only carried out with flowers of M. borneensis because of availability at that time of the year (January 1999).
At the end of the experiments, after the corolla folded naturally at between 1200 and 1300 h ( I. pes-caprae ), 1300-1400 h ( I. aquatica ) and 1500-1600 h ( M. borneensis ), it was excised. Excised corollas were carefully unfolded to estimate the area of the corolla, as a projected and a total area. The area of the paper was measured with a leaf area meter (LI-3100; Li-Cor Inc., Lincoln, NB, USA). Inclination of the flowers was measured with a clinometer (SF-02920; Suunto, Espoo, Finland). Orientation was measured with a compass (MC-1; Suunto).
Stomatal density
Several flowers and leaves of M. borneensis I. pes-caprae and I. aquatica were harvested in the morning to estimate density and size of the stomata. Thin transverse sections of the surface tissue from the corolla, corolla tube and sepals ( Fig. 1 ) were made with a razor blade and examined with the light microscope. A second method for stomatal density measurement was used, involving making a silicon impression of the surface (Weyers & Johansen 1985) 
Radiative properties
Absorptance, reflection and transmission of solar radiation by the flowers in the 300-1100 nm waveband were measured on fresh pieces of corollas with an integrating sphere (LI-1800; Li-Cor Inc.). The flowers (10-15 per species) were collected in the morning and brought back to the laboratory. Absorptance, reflection and transmission were measured for both abaxial and adaxial surfaces of the corollas on April and December 1997. The petals of flowers from other species with similar colours were also investigated. The species used for comparison were Dillinia sulfructicosa (yellow), Durio sp. (white) and Melastoma sp. (purple).
Evaporative flux density by the energy balance method
The evaporative flux density was determined on a continuous basis from measurements of temperatures of transpiring and greased plant parts (gynoecium, sepals and corolla). This method relies on matched observations (transpiration versus greased), and assumes that the grease does not change the short-wave reflectance. It has been used by Althawadi & Grace (1986) in a similar situation, and independently by Patiño, Herre, & Tyree (1994) . In this approach, the difference between the temperatures of transpiring and greased plant parts, the air temperature and the wind velocity near the surface are used to solve the energy balance. The radiation absorbed by the plant part may be calculated and partitioned into evaporation and convection.
Evaporative flux density by gravimetric method
Transpiration rate was also measured gravimetrically, using excised flowers of I. pes-caprae , outside the laboratory at the Biology Department at the University of Brunei Darussalam, during the same days that temperature measurements were conducted, in November 1997 and AugustSeptember 1998. Flowers were brought to the laboratory from the study area; the cut surfaces of the flower stalk and the sepals were greased with high vacuum silicone grease (Dow Corning Corporation). Eight corollas were suspended by nylon fishing line over a grass-covered area outside the building in full sunshine from 0900 to 1300 h and weighed every 30 min for a period of 4 h. Transpiration rate E G was calculated from where ∆ W is the mass change in time interval ∆ t and A is the corolla area exposed to sunshine during the measurement period. The area of the corolla ( A ) was determined as described above.
Tissue and pollen viability
To determine the effect of temperature on flower tissue and pollen viability, flowers of I. pes-caprae and M. borneensis were exposed to different temperature treatments. A total of 96-100 flowers were collected from the field at around 1000 h ( I. pes-caprae ) and 1100 h ( M. borneensis ), and brought back to the laboratory. The time of collection matched the presumed time of day of natural pollination. Once in the laboratory the petals were removed from the flowers. Four flowers of I. pes-caprae were placed inside 2·5 cm × 5·0 cm glass bottles containing 1 cm 3 of distilled water and four flowers of M. borneensis were placed in 6·0 cm × 6·2 cm glass bottles. One thermocouple was inserted in the gynoecium of one of the flowers in each bottle to maintain regular surveillance on the set temperature. Half of the total number of anthers (as a source of pollen) from the four flowers were removed and placed into a vial containing 1 cm 3 of 2·5% sucrose solution. Six bottles containing flowers and six vials containing pollen were placed in a constant temperature bath. The experimental temperatures were 15, 32, 37, 42 47 and 52 ° C. Six additional bottles containing flowers and six containing pollen were keep outside the laboratory at ambient temperature 30 ± 1 ° C as a control. After the flowers in the constant temperature bath reached the temperature (set temperature) of the water (time 0), every 60 min, one bottle containing flowers and one bottle containing pollen were taken out of the bath. The bottles taken from the bath were placed together with the control and left overnight to allow the pollen tube to grow.
Next day each flower was dissected; the remaining anthers together with the carpel and a piece of sepal (approximately 0·5 mm × 0·5 mm ) were placed in a vial containing 1·5 cm 3 (for I. pes-caprae ) and 5·0 cm 3 (for M. borneensis ) of tetrazolium solution, 0·5% in phosphate buffer pH 7·5, and incubated overnight in a dark room at 16 ° C. Viable cells accumulate red formazan, so bulk tissue becomes red in colour (Steponkus & Lanphear 1967; Towill & Mazur 1975) . After 24 h the tetrazolium solution was removed from the bottles and the samples were washed with distilled water. The stained carpels were transferred into vials containing 3 cm 3 of 95% ethanol (to extract the water-isoluble formazan) and the piece of stained sepal was put in a vial containing 1·5 cm 3 of 95% ethanol. After 12-18 h, the carpels and the pieces of sepals were dried in the oven, and their dry mass was recorded. The absorbance of the alcohol containing the formazan was read at 485 nm with a spectrophotometer. The remaining pollen was left in 3 cm 3 distilled water and mixed throughly. Tem cubic millimetres of this water-pollen solution was extracted and placed on a microscope slide to be counted to give an estimate of pollen viability. The pollen grains were counted as red stained (live) and non-stained or white (dead).
Data analysis
To determine differences in temperatures with respect to air temperature; transpiring (C) and non-transpiring or greased (G) readings from the gynoecia and corollas were analysed with a one-way analysis of variance (using the software Minitab® 12·3). Differences between species were analysed with Tukey's honestly significant difference test (Minitab® 12·3). Regression analysis of variance (Minitab® 12·3) was applied to analyse the relationships between excess temperatures and calculated net radiation of the flowers.
RESULTS
Flower temperature and microclimate
The diurnal course of flower temperature and microclimatic variables for I. pes-caprae over a representative day, 11 November 1997 is shown in Fig. 2 . Several experimental runs like this were performed for each species: six for I. pescaprae, five for M. borneensis and three for I. aquatica. However, only one set of data is presented fully, for simplicity.
The maximum net radiation (R n ) approached 700 W m −2 around noon and the maximum PPFD was about (Fig. 2a) . Relative humidity was fairly constant (average 55%) during the sunny period from 0920 to 1500 h and VPD reached a maximum of 2·4 kPa (Fig. 2b) . The temperature of the control (ungreased) corollas in full sunlight varied from about 35-37 °C whereas the air temperature was around 34 °C (Fig. 2c) . However the temperature of the greased corollas was higher than the temperature of the control corollas, reaching 42 °C, thus demonstrating evaporative cooling by the non-greased corollas, despite their lack of stomata (Phase I, Fig. 2c ). After the corollas had collapsed the temperature of the greased and control sepals was measured. Greased sepals were warmer than control sepals (from 2·0 to 4·0 K) despite being more or less parallel to the solar beam, suggesting again the cooling effect of evapotranspiration. The temperature of the gynoecia from flowers with greased corollas and sepals varied from 37 to 41 °C and was higher than the temperature of control flowers (Phase I, Fig. 2d) . When all the corollas naturally collapsed and were removed at around 13 00 h (Phase II, Fig. 2d ), the temperature of the gynoecia from control flowers rose from 36 to 37 °C and from greased flowers fell from about 39·5 to 38 °C, suggesting (1) that the non-transpiring warm corollas may reflect radiation into the gynoecium; (2) that the presence of normally transpiring corollas lower the temperature of the gynoecium; and (3) that sepals play a major role in cooling the gynoecium by transpiration.
Data from many flowers (10-25) with non-greased (controls) and greased corollas and sepals of M. borneensis, I. pes-caprae and I. aquatica were used to determine the extent to which the gynoecia and corollas were warmer or cooler than the air (known as the excess temperature, K) (Fig. 3) . Differences between treatments were observed. For the three species, the excess temperatures of the greased gynoecia were higher than those of normally transpiring gynoecia (P < 0·001) (Fig. 3a) . Similarly, the excess temperatures of the greased corollas were higher than the control corollas (P < 0·001) (Fig. 3b) . Differences between species were also observed. The normally transpiring and the greased gynoecia of the large flowers of M. borneensis developed higher (P < 0·001) excess temperatures than those of medium-sized I. pes-caprae and of the small I. aquatica (Fig. 3a) . The normally transpiring corollas of I. aquatica developed lower excess temperatures (1·1 ± 0·3 K) than those of I. pes-caprae (3·9 ± 1·2 K) and M. borneensis (4·0 ± 1·5 K), with no differences between the last two species (P < 0·001) (Fig. 3b) . The excess temperatures of the greased corollas of M. borneensis (6·0 ± 1·5 K) was higher (P < 0·001) than those of I. pes-caprae (5·2 ± 1·1 K) and I. aquatica (2·3 ± 0·6 K) (Fig. 3b) .
The excess temperatures of the gynoecium from M. borneensis flowers with non-transpiring corollas and normally transpiring sepals (7·8 ± 1·6 K) were higher (P < 0·001) than the excess temperature from flowers with normally transpiring corollas and sepals (6·5 ± 1·2 K) (Fig. 3c) , demonstrating that normal transpiring corollas alone play a role in the cooling of the gynoecia.
The extent to which the flowers (gynoecia and corollas) were warmer or cooler than the air was related linearly to the estimated net radiation absorbed by the flowers (Fig.  4a-f) . The slope of this relation, m (°C W −1 m 2 ), estimates the extent to which temperatures of the flower parts increases above air temperature (excess temperature, K) for every unit of radiation absorbed. Table 1 contains the set of values for m and a (the intercept, °C). There is a tendency for m to increase with the size of the flower.
Spectral properties of petals
Although all the corollas absorbed little radiation, different colours present different patterns of absorptance to short field experiments with greased (G) and non-greased (C) corollas and sepals from five (M. borneensis), six (I. pes-caprae) and three (I. aquatica) experimental runs and using data only when PPFD > 900 µmol m −2 s −1 , and from 1000 to 1300 h; and (c) gynoecia of M. borneensis from field experiments using 15 flowers with greased (Co-G) and 15 with non-greased corollas (Co-C). The data shown here are for when PPFD > 900 µmol m −2 s −1 , and from 1000 to 1400 h. Mean excess temperature of each treatment and each species was used for comparison (one way analysis of variance and Tukey's honestly significant difference) and differences between treatments and species were significant. Vertical boxes with error bars (vertical lines) represent statistical values. The boundary of the box closest to zero indicates the 25th percentile, the continuous line within the box marks the median, the dotted line inside the box represents the mean, and the boundary of the box farthest from zero indicates the 75th percentile. Whiskers above and below the box indicate the 95th and 5th percentiles.
wave radiation (300-650 nm) (Fig. 5a-c) . In the UV range, strong radiation absorption occurs for all three convolvulaceous species. The purple corollas of I. pes-caprae (Fig. 5b ) absorbed more radiation in the visible range of the spectrum than the white corollas of I. aquatica (Fig. 5a ) and M. borneensis.
Stomatal density
Stomata were present in the abaxial surface of the corolla tube of three species but were concentrated mainly in the middle. The densities were rather low, 16·9 ± 6·9 mm −2 for I aquatica, 1·8 ± 1·8 mm −2 for I. pes-caprae and 5·0 ± 2·2 mm −2 for M. borneensis. A few individual stomata were found in the lower corolla tube of I. Pes-caprae (0·4 ± 1·5 mm −2 ) and I. aquatica (0·9 ± 2·0 mm −2 ) and none in the corolla ( Table  2 ). The adaxial surface of the corollas was astomatous. Stomata were numerous on sepals of the same species but their density was lower than in leaves of the same species (Table  2 ). 
Symbols: m is the slope (K W −1 m 2 ); a is the intercept (K). The subscripts indicate: c (control) and g (greased).
Energy balance
The estimated energy balance for corollas of I. pes-caprae on 11 November is shown in Fig. 6 . A similar analysis was made for I. aquatica and M. borneensis. The calculated net radiation absorbed the corollas and gynoecia closely paralleled the measured net radiation of the site (Fig. 6a) . As a result of lower spectral reflectance, the calculated net radiation of the gynoecium was about three times higher than the net radiation of the corolla, even when the corollas were in full sunshine and the gynoecia were shaded by the corollas. There was a tendency for gravimetrically measured evaporation E G to match closely the curve of the calculated E (Fig. 6b) . Wind velocity never exceeded 0·45 m s −1 (Fig. 6c) . The fraction of net radiation dissipated by evaporation (λE/R n ) from the corollas and sepals was very variable. For the corollas, it varied from 0·05 to 0·8 for I. pes-caprae, 0·2-0·9 for I. aquatica and 0·05-0·6 for M. borneensis. More than half of the net radiation of the gynoecia of I. pes-caprae was dissipated by transpiration whereas less than half was dissipated by the transpiration of sepals of I. aquatica and M. borneensis.
Temperature treatments and vitality
Sepals and reproductive female parts of I. pes-caprae and M. borneensis lost vitality at high temperature (P < 0·001) if exposed for long periods (Fig. 7) . The tissues of the sepals were affected after 60 min of exposure at temperatures over 37 °C for both species (Fig. 7a & b) , and such temper- 
For leaves and sepals only the abaxial surface was analysed, for corollas non-stomata were found on the adaxial surface. The numbers in parenthesis indicates the standard deviation; *, only one stoma was measured.
atures had been reached by non-transpiring sepals (Fig. 2) . The reproductive female tissue was also affected by exposure to temperatures over 37 °C (Fig. 7c & d) . The gynoecia had reached these temperatures in all the experiments when the sepals and corollas were prevented from transpiring. This demonstrates the need for transpiration as a cooling mechanism for the gynoecium. Pollen grains of M. borneensis and I. pes-caprae were statistically significantly affected (P < 0·001) by prolonged exposures to high temperatures (Fig. 8) . For I. pes-caprae (Fig. 8a ) all pollen died after 20 min at 52 °C whereas pollen of M. borneensis died after 2 h of exposure at the same temperature. More than 80% of the pollen from I. pes-caprae died after 3 h at 42 and 37 °C. Ambient temperatures of about 32 °C did not have a large effect on pollen viability, although the proportion of dead pollen of M. borneensis (Fig. 8b ) increased at this temperature after 3 h of exposure. This may be the result of pollen germination, that could cause the pollen capsule to be empty by the time of testing. These lethal temperatures (37-42 °C) were reached and maintained for more than 3 h by non-transpiring flowers (Fig. 2) .
DISCUSSION
The evidence from this study is that the characteristic heliotropic trumpet-shape of the convolvulaceous corolla is not merely an advertisement to attract insects but also a parasol or radiation shield to maintain the gynoecium at its functioning temperature. The structure has several useful properties for this role: high reflectance and high conductance to water vapour. At the same time there seems to be a balance between prevention of overheating and reduction of water loss by the corollas. Reduction of water loss may involve decrease of epidermal conductance (i.e. few stomata grouped in the corolla tube), low absorbed radiation, reduced evaporative surface (fused petals reduce the exposed surface area) and short-lived flowers (less than one day). In the present study, stomata were found mainly in the abaxial surface of the corolla tube, and no stomata were found in the upper corolla (Table 2) . However, stomata were numerous on the abaxial surface of sepals, with frequencies that were comparable with those on leaves. For examples, Jones (1992) presents a broad range of stomatal frequencies on leaves varying from 0 to 174 on the adaxial surface and from 23 to 600 stomata mm −2 on the abaxial surface, depending on the phylogenetic scale, environment and photosynthetic pathway of the plants. The frequency of stomata found in the present study on the sepals (68-182 stomata mm −2 ) is comparable with the frequency on sepals of the strawberry, 100 abaxial stomata mm −2 (Blanke 1993) , and Trifolium alexandrium, 188 stomata mm −2 (Shah & Kothari 1975) . Several studies show that petals of many flowers are astomatous; strawberry (Blanke 1991) , apple (Vemmos & Goldwin 1993) , snow-buttercup (Galen, Dawson, & Stanton 1993) and 24 flowers from the families Caryophyllaceae, Ranunculaceae, Paeoniaceae, Brassicaceae, Guttiferae, Labiatae, Asteraceae, Dipsacaceae, Malvaceae, Saxifragaceae, Gesneriaceae and Onagraceae (Lipayeva 1989) . However stomata do occur on petals of a variety of angiosperm families including Araceae, Hyacinthaceae, Convallariaceae, Liliaceae, Amaryllidaceae, Nymphaeaceae, Papaveraceae, Brassicaceae, Oleaceae, Menyanthaceae, Scrophulariaceae, Campanulaceae, Asteraceae, Orchideaceae and Convolvulaceae (Watson 1961; Shah & Gopal 1969; Hew, Lee, & Wong 1980; Lipayeva 1989) but in the majority of cases the suggestion is that the stomata are non-functional.
There are few cases in which petals have acquired a role (morphological or physiological) other than the attraction of pollinators. Green cap or corolla of the grape inflorescence, Vitis vinifera (Blanke 1989) , green fused sepal/petal of the avocado inflorescence, Persea america (Blanke & Lovatt 1993) and pink petals (containing chloroplasts) of Petunia hybrida (Weiss et al. 1990 ) contribute significantly to photosynthesis of the plant. Petals of some alpine flowers are shaped as a paraboloid antenna that focuses radiation into the gynoecium and are though to have positive effect on pollination, fertilization and fruit development (Hocking & Sharplin 1965 , Kevan 1975 Corbett, Krannitz, & Aarssen 1992) .
The corolla of the species studied here is remarkably short-lived, so the radiation shielding does not apply in the afternoon; however, the sepals then close around the gynoecium and have the function of cooling the gynoecium by evapotranspiration. It may be expensive in terms of water and assimilates to maintain the flower for a longer period; it has been suggested that floral longevity is an adaptation that balances the rates of pollen receipt and removal against the cost of floral maintenance (Ashman & Schoen 1994) . Studies on the avocado inflorescence (Persea americana) (Whiley, Chapman, & Saranah 1988) and apple cv Cox's Orange Pippin (Hamer 1986 ) revealed that there is an increase in transpiration associated with flowering, making flowering particularly expensive in the use of water. Therefore these short-lived corollas may be expensive in terms of water loss (E varied from 0·3 to 1·8 mg m −2 s −1 ; comparable with rates of water loss by other flowers). For example the fused sepal/ petals of the avocado flower transpired 21·6-23·4 mg H 2 O m −2 s −1 (Blanke & Lovatt 1993) and strawberry sepals 3·6-9·0 mg H 2 O m −2 s −1 (Blanke 1993 ). The epidermal conductance to water vapour of the corollas and sepals (20-80 mmol s −1 m −2 ) were comparable with those of Ficus inflorescences (figs) which varied from 20 to 380 mmol s −1 m −2 (Patiño et al. 1994) and leaf conductance of many groups of plants for example succulents, evergreen conifers, deciduous woody plants, herbs from shade habitats, desert and steppe-shrubs and wild graminoids (Jones 1992) .
The present study showed that temperatures only slightly above those recorded in the natural environment caused death of pollen. Studies on flowers showed that high temperature and high solar radiation exert detrimental effects on buds, flowers, pollination and fertilization (Tanner & Goltz 1972; Cruden et al. 1976; Corbet et al. 1979; Martinez del Rio & Burquez 1986 , Rao, Jain, & Shivanna 1992 Totland 1999) . However, plants have adaptive mechanisms to avoid high temperatures and high solar radiation on flowers. For example, easterly movements of Helianthus annuus reduce the heat load of the infloresces, being an advantage for fertilization (Lang & Begg 1979) ; and figs regulate temperature by transpiration and thus maintain suitable low internal tissue temperatures for the development of the pollinator wasps. Furthermore temperature increases of a few degrees above ambient are enough to induce mass mortality in the wasps (Patiño et al. 1994) . The data from this study on pollen and tissue survival at high temperatures suggest that the reproductive apparatus may have a high vulnerability to thermal damage. There is a considerable body of literature on this subject in relation to crops (Hirokazu, Utsunomiya, & Sakuatani 1998; Kenji & Ikuox 1999) . Most authors have demonstrated rather similar responses to temperature to those shown here, and it may be concluded that the reproductive process of plants are often more temperature sensitive than vegetative processes such as photosynthesis and respiration. In the present study it has been demonstrated that the convolvulaceous corollas have adaptive significance in high solar radiation environments, being physiological and structurally equipped to prevent overheating of the gynoecium, as well as fulfilling their more obvious role of attracting pollinators. It may be that many other flowers, in diverse taxonomic groups, also serve to regulate temperature of the reproductive processes, thus ensuring reproductive success in extreme environments.
